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A.SW mice, which are known to be prone to mercury (Hg)-
induced immune nephritis, were assessed for their ability to
develop autoimmunity to brain antigens after developmental
exposure to Hg. Maternal drinking water containing subclinical
doses of 1.25puM methyl Hg (MeHg) or 50M Hg chloride (HgCl,)
were used to evaluate developmental (exposure from gestational
day 8 to postnatal day 21) induction of immune responses to brain
antigens. Only HgCl, induced autoantibody production; the
HgCl,-exposed offspring showed an increased number of CD4*
splenic T cells expressing CD25 and Vg 8.3 chains, and the brain-
reactive immunoglobulin G (IgG) antibodies were predominantly
against nuclear proteins (30 and 34 kD). The antibodies were
deposited in all brain regions. Although male and female A.SW
mice exposed to HgCl, showed deposition of IgG in multiple brain
regions, inflammation responses were observed only in the
cerebellum (CB) of female A.SW mice; these responses were
associated with increased levels of exploratory behavior. The
developmental exposure to MeHg also induced inflammation in
the CB and increased exploratory behavior of the female A.SW
mice, but the change did not correlate with increased IgG in the
brain. Interestingly, the non-Hg-exposed female A.SW mice
habituated (adapted to the information and/or stimuli of a new
environment) more than the male A.SW mice during exploratory
behavior assessment, and the Hg exposure eliminated the habitu-
ation (i.e., no changes in behavior with subsequent trials), making
the female behaviors more like those of the male A.SW mice.
Additionally, gender differences in A.SW brain cytokine expressions
prior to Hg exposure were eliminated by the Hg exposure.
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The heavy metal mercury (Hg) is widely used in consumer
products, such as lamps, thermometers, barometers, and ma-
nometers. In many countries, elemental Hg is still used in
amalgams for dental restoration (Guzzi et al., 2008). Elemental
Hg from the earth’s crust is released into water; through
vaporization, the elemental Hg is transformed into inorganic
Hg. Inorganic Hg can be converted by organisms, including
marine plants and microorganisms, into organic methyl Hg

(MeHg), which is consumed by fish. Humans are exposed to
MeHg mainly through eating fish, shellfish, and marine
mammals and to inorganic Hg through inhalation of exhausted
air from coal-fired power plants and incinerators (Jedrychowski
et al., 2007; Nakagawa et al., 1997; Trasande et al., 2005,
2006).

Experimental rats and mice exposed to Hg have been
reported to develop T cell-dependent renal autoimmunity that
is restricted to major histocompatibility complex (MHC)
haplotypes; the mouse haplotype most susceptible to Hg-
induced autoimmune disease is H-2° (Abedi-Valugerdi er al.,
1997, 2001; al-Balaghi et al., 1996; Hultman and Enestrom,
1988, 1992; Hultman et al., 1993; Pelletier et al., 1987; Vas
and Monestier, 2008). Additionally, it has been shown, in
a C57BL/6J mouse model, that prenatal exposure to a low dose
of MeHg can cause deficits in motor abilities, coordination,
overall activity, and reference memory (Montgomery et al.,
2008). Developmental exposure to MeHg altered learning
behavior and induced depression-like behavior in male C57BL/
6 mice (Onishchenko et al., 2007). The effects of HgCl, on rat
behavior were shown to be dependent on when the rats were
exposed; rats exposed on postnatal day (PND) 1 were more
sensitive than were those exposed later in development
(Peixoto et al., 2007). In a cohort study, prenatal MeHg
exposure was significantly associated with neurobehavioral
changes, whereas postnatal MeHg exposure induced no such
effects (Debes et al., 2006). Developmental MeHg exposure in
arat model induced acute hippocampal cell death, reductions in
neurogensis, and learning deficits during puberty, via un-
known mechanisms (Falluel-Morel e al., 2007). Hg can interact
with neurons by direct effects or indirectly through effects on
astrocytes, although disruptions of thyroid hormones, metal-
lothioneins, and glutathione also have been suggested to be
involved (Aschner et al., 1997, 2006; Eddins et al., 2008; Kaur
et al., 2006; Soldin et al., 2008; Yoshida et al., 2006).
Astrocytes have also been proposed to have a protective role in
MeHg-induced neurotoxicity, based on an in vitro test (Morken
et al., 2005). Low-dose long-term exposure to MeHg can
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influence brain functions, via lipid peroxidation, alterations to
Na™/K"-ATPase activities, and increased nitric oxide (NO)
levels (Huang et al., 2008). Prenatal MeHg exposures of mice
also hampered the glutathione antioxidant system and induced
long-lasting oxidative stress in the brain (Stringari et al., 2008).
The level of autoimmune antigen-antibody complexes induced
by HgCl, was decreased in mice with a deficiency of activating
Fc receptors (FcyRI and FcyRIII), whereas the level of these
complexes increased in mice lacking the inhibitory Fc receptor,
FcyRIIB (Martinsson et al., 2008).

Antibodies against brain antigens have been demonstrated in
patients with various neurological diseases, such as neuropsy-
chiatric lupus, Parkinson’s disease, Alzheimer’s disease,
schizophrenia, and autism spectrum disorders (ASD) (Carvey
et al., 1991; Lawrence et al., 2007; Schott et al., 1996; Silva
et al., 2004; Tanaka et al., 1989; Yang et al., 1994). Central
nervous system (CNS) inflammation and presence of maternal
antibodies specific to fetal brain proteins have been associated
with ASD (Braunschweig et al., 2008; Croen et al., 2008).
Epidemiological studies provide evidence that genetic factors
are not the only factors that contribute to ASD (Bello, 2007;
Taniai et al., 2008).

Microglial cells and mast cells, considered to be the immune
cells of the CNS, can influence neuronal functions (Nautiyal
et al.,2008; Takeuchi et al., 2008). Thus, CNS immune cells, as
well as genetic factors, such as MHC haplotype, could be
involved in Hg-induced behavior changes. During development,
the brain is well known to be vulnerable to Hg exposure
(Monnet-Tschudi et al., 1996). Although antibodies against
brain antigens have been demonstrated in patients with
neurological diseases, there has been no evaluation, to date, of
Hg-induced autoantibodies against brain antigens. To evaluate
the mechanistic connection between developmental Hg expo-
sure and behavior changes resulting from immune activities, we
hypothesized that upon developmental exposure to Hg (organic
and/or inorganic): (1) the fetal brain is damaged; (2) neural
proteins or peptides are released into the circulation and
subsequently into the mother’s circulation; (3) the maternal
immune system is then triggered to produce antibodies to the
fetal brain antigens; and (4) the maternal antibodies disrupt
normal developmental neuronal connections due to CNS
inflammation. In our experiments, A.SW (H-2%) dams were
treated with 1.25uM MeHg or 50uM HgCl, in their drinking
water, from gestational day (GD) 8 to PND 21. Sera anti-brain
immunoglobulin G (IgG), Vg expression of splenic T cells, IgG
deposition in brain sections, molecular weights of brain
antigens, and cytokines were determined in offspring and dams
after weaning of pups at PND 21. At PND 70, exploratory
behaviors of these offspring were measured. A/WySnJ (H-2%)
mice were selected as the control strain; they differ genetically
from the A.SW strain mainly at the MHC locus. Hg induced
significant immune and behavioral changes in A.SW mice, in
comparison to the effects in exposed A/WySnJ mice, and A.SW
mice also displayed gender differences.
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MATERIALS AND METHODS

Animals, Hg treatments, and organ collection. A.SW (H-2°) and
A/WySnJ (H-2*) mice, 7-9 week of age from Jackson Laboratory
(Bar Harbor, ME), were bred for these experiments. Mice were housed in the
Association for Assessment and Accreditation of Laboratory Animal Care-
approved Wadsworth Center Animal Facility with controlled temperature
(23£°C), humidity, and an artificial 12-h light and 12-h dark cycle, and this
study was approved by Wadsworth Center’s Institutional Animal Care and Use
Committee. Two females and one male were housed together with free access
to water and food. At GD 8 (based on the appearance of vaginal plug), females
were taken out and placed in individual cages. Preliminary experiments
indicated that the maximal Hg doses that do not affect pup survival in A.SW
mice were 1.25pM MeHg or 50uM HgCl, in drinking water (Table 1). The
internal doses of Hg in the dams” whole blood and survival pups’ whole brain
were measured by Atomic absorption spectroscopy (Table 1). In evaluation of
the developmental toxicity of Hg on neurons through immune dysfunction, the
dose selected should be sufficient to cause immune dysfunction, yet not be
lethal. Thus, our experiments utilized 1.25uM MeHg or 50uM HgCl, in dd
H,O, which was provided ad libitum from GD 8 to PND 21. At PND 21, males
and females were separated by gender and litter, in which male pups from the
same litter were put in one cage and the female pups from the same litter were
put in another cage. Dams and minimally one male and one female pup per
litter were randomly selected and euthanized by CO, exposure when the
offspring were at PND 21. Bloods and organs (brains, kidneys, livers, and
spleens) were collected after perfusion with PBS. Organs were stored in —80°C
until use except that spleens were used immediately. Bloods were stored at 4°C
for 24 h, and sera were collected after centrifugation at 12,000 X g for 10 min
and then stored at —80°C until use. MeHg or HgCl, exposure was stopped at
the same time point, PND 21, for the mice used in assessment of exploratory
behavior at PND 70.

Enzyme-linked immunosorbent assay. ELISA was used to measure sera
IgG to brain antigens. Each brain was homogenized in the presence of 2 ml of
homogenization buffer containing 1% NP-40, S0mM Tris-Cl (pH = 7.6)
(Sigma, St Louis, MO), 150mM NaCl, 2mM EDTA, 1mM Na-orthovanadate,
SmM NaF, and 20 pg of proteinase inhibitor cocktail (Sigma). The
homogenates were sonicated for 1 min. The supernatant of homogenates was
collected and utilized after centrifugation at 12,000 X g for 30 min at 4°C.
Protein concentrations in the supernatant were measured by BCA Protein Assay
Kit (Pierce, Rockford, IL) according to the manufacturer’s instructions.
Homogenates were diluted with 0.1M carbonate buffer (pH = 9.5, coating
buffer) to 200 pg of protein per milliliter. Fifty microliters of the diluted
homogenate was coated into each well of 96-well ELISA plates, incubated at
4°C overnight, and then washed three times with PBS containing 0.05% Tween
20 (PBST; Sigma). After that, the plates were incubated with 5% fish gelatin
(Sigma) (200 pl/well) in PBS at room temperature (RT) for 2 h, and then
washed three times. Rat anti-mouse CD16/CD32 (0.5 pg) (Fc block; BD
Pharmingen, San Jose, CA) in 45 pl PBST containing 1% fish gelatin (assay
buffer) was added per well and incubated for 15 min at RT. Next, 5 pl of mouse
serum were added to each well in the presence of Fc block, incubated at RT for
2 h, and the plates were then washed six times. Fifty microliters of peroxidase-
conjugated goat anti-mouse IgG y-chain specific (Roche, Basel, Switzerland)
(1:1000 diluted with assay buffer) was added per well, incubated at RT for 1 h
in the dark, and then washed six times. Fifty microliters of 3,3",5,5'-
tetramethylbenzidine liquid substrate (ELISA substrate; Sigma) was added per
well and incubated at RT for 40 min in the dark. Finally, 25 pl of 1M H,SO,
were added to each well to stop the reaction. The plates were read optical density
at 450 nanometer (OD 450) on an ELISA analyzer (Bio-Tek, Winooski, VT).

For IgG concentration in different brain regions, whole brains from PND 21
offspring selected from H,O (control), MeHg, and HgCl, groups were dissected
into substantia nigra (SN), hypothalamus (HT), frontal cortex (FCTX), striatum
(STR), cortex (CTX), hippocampus (HC), and cerebellum (CB). Protein
extraction and concentration determinations were described earlier. Goat anti-
mouse IgG y-chain—specific antibodies (5 pg; Sigma) in 100 pl of coating
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TABLE 1
Litter Survival and Internal Doses for Organic and Inorganic Hg Treatment

HgCl, (uM)

MeHg (uM)

100

50

2.5

1.25

0.5

dd H,O

Brain

Litter Blood

survival

Brain

Litter Blood

survival

Brain

Litter Blood

survival

Blood Brain  Litter Blood Brain
survival

Hg

Brain  Litter
survival

Blood

Litter

Strain
(haplotype)

Hg

Hg

Hg Hg Hg Hg Hg

Hg

Hg Hg

survival

+0.03
0.2

542.4 + 315 0.27

2/3 2968 £ 116 027 025 2/2

8154 +£283 0.05+0

177

2/3

372.1 £ 160 0.03 +0.01
425.3 £ 106 0.03 + 0.01

3/4

171.3 £ 19.9 <MDL
133.7 £ 304 <MDL

2/2
2/2

42 +04 <MDL
10.2 + 1.7 <MDL

3/3

2/2

ASW (H-2%)

787.9

4743 £352 030+026 1/1

2/2

1197 = 173 0.12 = 0.07

2/2

A/WySnJ (H-2%)

Note. Pregnant female A.SW and A/WySnJ mice were treated with dd H,O, MeHg (0.5, 1.25, or 2.5uM) or HgCl, (50 or 100uM) since GD 8. The numerator indicates the number of dams had
produced litters and the denominator indicates the number of pregnant dams that were assayed. Blood Hg indicates the Hg concentration in dams’ whole blood (micrograms per liter); brain Hg indicates

the Hg concentration in PND 21 pups’ whole brains (micrograms per gram of protein); MDL, minimal detection level.
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buffer were coated into each well in 96-well ELISA plates overnight at 4°C and
then washed six times. The plates were incubated with 5% bovine serum
albumin (BSA) (Sigma) in PBS at RT for 2 h, and the plates were then washed
three times. Hundred microliters of brain section homogenates (1:50 diluted
with PBST containing 1% BSA) were added into each well, incubated at RT for
2 h, and the plates were then washed six times. Horseradish peroxidase—
conjugated goat anti-mouse IgG whole molecule antibodies (100 pl; Sigma)
(1:1000 diluted with PBST containing 1% BSA) were added into each well,
incubated for 1 h at RT in the dark, and the plates were then washed six times,
and 100 pl of ELISA substrate was added to the well with incubation for 5 min
at RT in the dark. Then, 50 pl of 1M H,SO, was added to each well to stop the
reaction. The plates were read at OD 450 on the ELISA analyzer. The
concentration of IgG in each brain region homogenate was calculated as
nanograms of IgG per milligram of protein.

Flow cytometry. At PND 21, spleens of offspring were harvested and
single-cell suspensions were prepared; 5 ml of red blood cell (RBC) lysis buffer
containing 0.017M Tris and 0.75% NH4Cl (pH = 7.4) was used to lyse RBC
with incubation on ice for 5 min. Cell numbers were adjusted to 1 X 10° cells
in 100 pl of PBS containing 0.1% NaNj in each 5 ml polystyrene tube and 1 pg
of Fc block was added, and the tubes were then incubated on ice for 10 min.
After that, 2 pl of PerCP-conjugated rat anti-mouse CD4, 2 pul of
Phycoerythrin-conjugated rat anti-mouse CDS8, 2 pl of allophycocyanin
(APC)—conjugated rat anti-mouse CD25, and 2 pl of Fluorescein isothiocyanate-
conjugated mouse anti-mouse Vg (Mouse Vg TCR Screening Panel) (all from
BD Pharmingen) were added and incubated on ice for 30 min in the dark. Cells
were washed with 1 ml of PBS containing 0.1% NaN; once and then the
supernatant was removed. Cell pellets were resuspended with 400 pl of PBS
containing 1% paraformaldehyde (PFA) (Fisher, Fair Lawn, NJ) and kept at 4°C
with foil covered. The samples were assayed on Flow Cytometry (BD FacsAria
IIu, San Diego, CA) within 3 days.

Immunohistochemistry. Whole brains from PND 21 untreated A.SW mice
were fixed with 4% PFA in PBS overnight at 4°C. Then, the brains were
sectioned into four slices from dorsal to ventral and fixed again with 4% PFA in
PBS for 5 h at RT. The sections were processed with a VIP 2000 tissue
processor Model 4618 (Tissue-Tek, Holly, MI). The brain sections were
embedded with paraffin, cut into slices of 7-um thickness, and floated onto
charged microscopic slides. The slides were warmed at 56°C for 35 min and
then cooled down prior to use. The slides were incubated with xylenes for
15 min, rehydrated through a graded alcohol series (100, 95, 70, and 50%) for
10 s each, and finally Milli-Q (MQ) water. Citrate buffer (0.01M sodium citrate,
pH = 6) was heated till boiling, and the sections were microwaved in the citrate
buffer for 3 min at full power followed by 7 min at power. The slides were put
into PBS to cool. The sections were then incubated with 200 pl of PBS
containing 3% goat serum and 0.1% BSA for 30 min at RT. Next, they were
incubated with 200 pl of serum (from dams exposed or nonexposed to Hg;
IgG concentration was diluted to 80 pg/ml with PBS containing 3% goat serum
and 0.1% BSA; commercial purified mouse IgG [Sigma] was used as negative
control) in the presence of 2 pg of Fc block, for 2 h at RT, and then washed three
times with PBS. The sections were incubated with 200 pl of Alexa Fluor 488—
conjugated chicken anti-mouse I1gG (1:300 dilution by PBS containing 3% goat
serum and 0.1% BSA) (Molecular Probes, Eugene, OR) for 1 h at RT in the dark
and then washed six times with PBS. Next, they were incubated with 200 pl of
4’,6-diamidino-2-phenylindole (DAPI) (Sigma) (1 pg/ml diluted with PBS
containing 3% goat serum and 0.1% BSA) for 5 min at RT in the dark and then
washed six times with PBS. Finally, the sections were assayed by fluorescence
microscopy (Nikon Eclipse 50i; Nikon Instruments, Inc., Lakeland, FL).

Immunoprecipitation protocol. We used immunoprecipitation of 1gG to
assess the molecular masses of the brain antigens bound to the IgG. Because
these brain antigens were found in nuclei, nuclear proteins were extracted from
a normal PND 21 A.SW mouse brain. Extraction was following the paper
published by Cox. B and Emili. A (Cox and Emili, 2006), through which nuclear
proteins slightly bound to DNA (Nuc-S) and nuclear proteins tightly bound to
DNA (Nuc-T) were yielded. Brain-reactive IgG in sera from HgCl,-treated
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A.SW dams were used to capture the brain antigens (dam sera from water group
and commercial purified mouse IgG were selected as controls). Protocol followed
the manufacturer’s instructions in Immunoprecipitation Kit-Dynabeads Protein G
(Invitrogen, Carlsbad, CA). After elution, the supernatant containing murine IgG
and brain antigens was boiled for 5 min in the presence of buffer containing 2%
SDS (Bio-Rad Laboratories Inc., Hercules, CA), 10% glycerol, 1.5%
dithiothreitol, 0.05% bromophenol blue, and 0.25M Tris-HCl (pH = 6.8)
(heated by water at 90°C for 10 min before use). Then, the denatured proteins
were loaded into 12% SDS-polyacrylamide gel electrophoresis (PAGE).
Resolving gel was composed of 1.7 ml of MQ H,O, 2.0 ml of 30% acryla-
mide (Bio-Rad Laboratories Inc.) mix containing 0.8% N,N’-methylene-bis-
acrylamide (Bis) (Bio-Rad Laboratories Inc.), 1.3 ml of 1.5M Tris (pH = 8.8),
50 pl of 10% SDS, 50 pl of 10% ammonium persulfate (APS) (Sigma), and 2 pl
of N,N,N’,N’-tetramethylethylenediamine (TEMED) (Sigma). Stacking gel was
made of 0.68 ml of MQ H,0, 0.17 ml of 30% acrylamide mixture, 0.13 ml of
1.0M Tris (pH = 6.8), 10 pl of 10% SDS, 10 pl of 10% APS, and 1 ul of
TEMED. Kaleidoscope prestained standards (Bio-Rad Laboratories Inc.) were
used as markers. After electrophoresis by 120 V for 120 min, gels were fixed
with 100 ml of fixation buffer containing 50% methanol, 7% acetic acid in MQ
H,O, for 30 min at RT. The fixation procedure was repeated once. The gels were
incubated with 50 ml of Sypro Ruby gel stain buffer (Bio-Rad Laboratories, Inc.)
and shaken at RT in the dark overnight. The gels were washed with 100 ml of
wash buffer containing 10% methanol, 7% acetic acid in MQ H,O for 30 min at
RT, and then rinsed with 100 ml of MQ H,O for 5 min twice. After that, the gels
were assayed on LAS3000 imager (Fujifilm, Tokyo).

Luminex. PND 21 A.SW pup brains were dissected as described earlier.
Cytokines granulocyte-macrophage colony—stimulating factor (GM-CSF),
interferon-gamma (IFN-y), interleukin (IL)-1B, IL-2, IL-4, IL-5, IL-6, IL-7,
IL-10, IL-12(p70), IL-13, monocyte chemotactic protein-1 (MCP-1), and tumor
necrosis factor-alpha (TNF-o)) in the supernatants of brain sections homoge-
nates were assayed with a Milliplex Map Kit (Millipore Corporation, Billerica,
MA). The protocol followed the manufacturer’s instructions. Plates were run on
a Luminex 100 IS analyzer.

Exploratory behavior. At PND 70, mice were tested for exploratory
behavior in a single 45-min session, using Versamax animal activity monitors
(42-cm long, 42-cm wide, and 30-cm high; AccuScan Inc., Columbus, OH)
enclosed in melamine sound—attenuating chambers (65-cm long, 55-cm wide, and
55-cm high; Med Associates, St Albans, VT). Mice were transported to the testing
room | h before the start of testing. For the test, the mouse was placed in the
center of the dark activity monitor. At the end of testing, the mouse was returned
to its home cage, and the activity monitor was cleaned with 70% ethanol.

Statistics. Data (mean * SD) in the three treatment groups were
first compared, using one-way ANOVA. If there was a significant difference
(p < 0.05), Dunnett’s ¢-test was used to compare each treatment group with the
corresponding control group. In the cytokine expression and open-field test
analyses, male and female comparisons were performed with two-way
ANOVA, followed by Student-Newman-Keuls (SNK) test if there were
significant differences.

RESULTS

IgG against Brain Antigens Was Induced in HgCl,-Treated
A.SW Mice

We first determined whether MeHg or HgCl, exposure
enhanced production of IgG against brain antigens in sera from
the dams and/or the offspring. We used brains from non—
Hg-treated mice as the source of brain antigens (embryonic day
[ED] 14, PND 1, PND 21, or PND 70) and a dam’s brain. The
HgCl,-treated A.SW mice produced IgG (sera from dams,
PND 21, and PND 70 offspring) to brain antigens regardless of
age, whereas no enhanced production of anti-brain antibodies
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FIG. 1. IgG to brain antigens in sera from Hg-treated dams and offspring.
A.SW and A/WySnJ dams were sacrificed on weaning of the pups (PND 21),
and their sera were collected and assayed (A). Sera from offspring were
collected at PND 21 and 70 for male (B) and female (C) mice. Serum anti-brain
antibodies were quantified by ELISA with brain antigens from brains of
untreated dams and their offspring, which were harvested at ED 14, PND 1,
PND 21, and PND 70. Each bar represents the mean values of IgG in sera of
mice from three to five separate litters; * indicates a significant difference
compared with the appropriate H,O group (p < 0.05).

was seen in either the H,O (vehicle control) group or the MeHg
group. Neither HgCl, nor MeHg induced IgG antibodies to
brain antigens in mice of the A/WySnJ control strain (Fig. 1).
Brain-reactive IgG was also detected in the sera from the
HgCl,-treated A.SW dams when the brain antigens used were
from Hg-treated PND 21 A.SW offspring or vehicle control
PND 21 BALB/c or A/WySnJ offspring (data not shown).

HgCly-Induced T-Cell Activation (CD4*/CD25™),
Preferentially of Vg 8.3% T Cells

Hg-induced antigen-antibody complex deposition in kidneys
has been reported to be T-cell dependent. Here, we investigated
whether a particular T-cell B-chain variable region was
preferentially expanded with spleens from PND 21 offspring;
CD4" T cells were considered activated based on CD25
expression. The activated CD4™ T cells were screened for Vs
expression. Because male and female A.SW mice had
enhanced IgG to brain antigens after HgCl, exposure, male
and female A.SW and A/WySnJ mice were randomly selected
from separate litters for Vg expression screening. Although
there was no significant increase in the number of CD4 ™ T cells
expressing CD25 for the HgCl,-treated A.SW offspring
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FIG. 2. Vjg expression by activated CD4"/CD25" splenic T cells from
PND 21 A.SW and A/WySnJ offspring. Single-cell suspensions were tested
CD4" T cells activation (A) and screened for Vg usage after exposure to H,0,
MeHg, or HgCl, from ED 8 to PND 21 in A.SW (B) and A/WySnJ (C) offspring.
Each bar represents mean of mice from three separate litters; * indicates
a significant difference compared with counterpart H,O group (p < 0.05).

(Fig. 2A), the percentage of the CD25" CD4" T cells from
these mice expressing Vg 8.3 chains was preferentially and
significantly increased (Fig. 2B). There were no significant
changes in the percentages of any Vg subsets for the MeHg-
treated A.SW offspring (Fig. 2B) or for the experimental or
control (H,O) groups of the A/WySnJ mice (Fig. 2C).

1gG Deposition in Various Brain Regions

The presence of IgG deposited in individual regions of
perfused brains from PND 21 A.SW and A/WySnJ mice was
assayed by ELISA. Elevated levels of IgG were present in all
assayed brain regions of the HgCl,-treated A.SW mice only
(Fig. 3). There were no differences between left brain and right
brain hemispheres (data not shown).

Localizations of Brain Antigens

To investigate the location of these brain antigens in various
brain regions, we performed immunohistochemistry. Brain
sections from normal PND 21 A.SW mice were adhered to
charged slides, and sera from A.SW dams were used as the
primary antibodies. The brain antigens appeared to be located
in the cell nuclei, and they could be found in each brain region
assayed (Fig. 4). No difference was observed between male
brains and female brains.

Molecular Mass Values of the Brain Antigens Detected by the
HgCly-Induced Antibodies

Because autoantibodies to brain antigens were independent
of age, only the HgCl,-treated A.SW mice produced IgG to

CTX, HC, and CB, and each region was assayed for presence of IgG by
sandwich ELISA with goat anti-mouse IgG (y-chain specific) as capture
antibody and horseradish peroxidase-goat anti-mouse IgG whole molecule as
detection antibody. IgG deposition in brain sections was assayed for PND 21
A.SW male mice (A), PND 21 A.SW female mice (B), PND 21 A/WySnJ male
mice (C), and PND 21 A/WySnJ female mice (D). Each bar represents mean of
three separate litters; * indicates a significant difference compared with
counterpart HO group.

these antigens, and the brain antigens were located in nuclei,
nuclear proteins from a normal PND 21 A.SW brain were used
as the source of antigens. Sera from HgCl,-treated A.SW dams
were used for antibodies; sera from A.SW dams from the H,O
group and commercial murine IgG were used as controls. The
immunoprecipitated immune complexes from the mixture of
IgG and brain antigens were assayed by SDS-PAGE to
determine the size of the brain antigens immunoprecipitated
with the IgG. Two specific bands from the Nuc-S were observed
for the HgCl,-treatment group (30 and 34 kD) (Fig. 5).

Inflammation in Various Brain Regions

To assess whether the IgG deposition induced by HgCl, in
A.SW brains caused inflammation, we assayed the brains for
cytokine expression at PND 21. Female A.SW mice showed
significantly increased GM-CSF, IL-1f, and MCP-1 in the CB
after MeHg treatment, whereas MCP-1 was significantly
increased in the CB of the HgCl,-treated group (Fig. 6). Male
A.SW mice had only significantly increased IL-1p in the FCTX
after HgCl, treatment. These data indicate that for female
A.SW mice, inflammation occurred preferentially in the CB,
whereas for male A.SW mice, inflammation occurred prefer-
entially in the FCTX. IL-12(p70) was decreased in the HT of
male A.SW mice treated with MeHg and in STR of female
A.SW mice treated with HgCl,. IL-10, IL-13, IL-2, and IL-7
were not changed among the three groups. IFN-vy, IL-4, IL-5,
IL-6, and TNF-o were not detectable (data not shown).
Interestingly, vehicle control (H,O) A.SW males and females
showed significant differential expression of some cytokines in
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FIG. 4. Brain antigens are located in cell nuclei in sections from various
brain regions. The sections from PND 21 A.SW brains were applied to charged
slides and sera from A.SW dams were added as primary antibodies. Alexa
Fluor 488—conjugated anti-mouse IgG was used as detecting antibodies. DAPI
was used to stain the DNA. The signal in the upper panel of each pair indicates
the DNA and that in the lower panel indicates presence of bound IgG from the
dams’ sera. Pictures were taken from different brain regions, (A) FCTX, (B)
HC, and (C) CB. Each panel is representative of two separate experiments.
mlgG, commercial purified mouse IgG

::
[ ]
s
o)
&

HgCl2

the brain, and MeHg or HgCl, exposure eliminated some of
these significant differences (Table 2).

Behavior Changes Were Induced in PND 70 A.SW Females
by MeHg or HgCl,

To assess whether the IgG and cytokine expression changes
in the brains caused any long-lasting behavior modifications,
we measured exploratory behavior at PND 70.

A.SW and A/WySnJ mice from the two experimental Hg
groups and the H,O control group were tested for 45 min, over
three cycles of 15 min. A.SW female mice of both the MeHg
and HgCl, groups showed significantly increased activity
compared with the activity of the corresponding H,O group,
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FIG. 5. Molecular mass values of brain antigens bound by sera IgG from
HgCl,-treated A.SW dams. Nuclear proteins extracted from a normal PND 21
A.SW offspring brain were immunoprecipitated by A.SW dam sera IgG
conjugated by magnetic beads. After dissociation by boiling in SDS buffer for 5
min, the supernatant was loaded onto 12% SDS gel (reducing conditions), and
electrophoresed; the gel was stained with SYPRO Ruby. Stained gels were
assayed by the Fuji LAS3000 imaging system. mIgG: commercial purified
mouse IgG.

with regard to horizontal activities (HACTV), number of
movements (MOVNO), movement time (MOVTIME), and
total distance (TOTDIST). These behavior changes were not
observed for either A/WySnJ mice or male A.SW mice (Fig.
7). The significant changes in behaviors of A.SW females were
due to the elimination, by Hg exposure, of habituation (Bolivar
et al., 2000) in the third 15-min period.

DISCUSSION

The present study was designed to investigate immunologic
responses in the brains of Hg-exposed mice. Developmental
exposure to HgCl, (50uM) induced T-cell activation, prefer-
entially of Vg chain 8.3, and brain-reactive IgG to nuclear
proteins (30 and 34 kD); the IgG was deposited in all brain
regions examined. Although male and female A.SW mice
exposed to HgCl, had IgG deposited in multiple brain regions,
expression of several cytokines was enhanced only in the CB
of female A.SW mice, whereas male A.SW mice only had
increased IL-1B in the FCTX. The Hg exposures led to
modified exploratory behavior only in the female A.SW mice,
and the effect appears to correlate with MCP-1 expression in
the CB.

Hg-induced autoimmunity is known to be a gene-controlled
disease (Abedi-Valugerdi et al., 2001; Hultman et al., 1993).
We detected IgG to brain antigens in A.SW, but not A/WySnJ
mice, that had been HgCl, exposed. Both MeHg and HgCl,
induce autoantibodies to renal antigens. It has been suggested
that MeHg-induced autoimmunity is due to formation of Hg*"
through demethylation of MeHg in vivo, whereas MeHg has
a direct inhibitory effect on the immune system (Havarinasab
et al., 2007; Hirokawa and Hayashi, 1980; Hultman and
Hansson-Georgiadis, 1999; Ilback et al., 1991; Ohi et al.,
1976). The IgG to brain antigens induced in A.SW mice by the
HgCl, exposure reacted to antigens derived from the brains of
unexposed control mice of various ages and antigens from
brains of PND 21 MeHg- or HgCl,-treated A.SW mice and
untreated PND 21 brains from A/WySnJ or BALB/c mice; this
pattern of reactivity indicates that the brain antigens are normal
proteins not age specific and are distributed among multiple
strains of mice. Because Hg-induced autoantibody production
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FIG. 6. CNS cytokine expression in PND 21 A.SW brain regions. Brain
regions (SN, HT, FCTX, STR, CTX, HC, and CB) from PND 21 A.SW male
(A, B, and C) and female (D, E, and F) offspring were assayed. Each bar
represents the mean values of mice from three separate litters; * indicates
a significant difference with respect to the counterpart H,O group.
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to the kidney was suggested to be driven by Hg?"-modified
fibrillarin and because the autoantibodies react to both normal
and Hg-adducted fibrillarin (Hultman et al., 1989; Pollard
et al., 1997), we assume that the brain antigens in normal
A.SW mice were first modified by Hg>"; the structurally
altered proteins then trigger the production of autoantibodies
capable of reacting with both the normal and the modified brain
antigens. In the MeHg-treated A.SW mice, we assume that the
amount of Hg>" derived from MeHg was insufficient to induce
the IgG to brain antigens. The MeHg exposure was sub-
stantially lower than the HgCl, exposure dose because doses of
MeHg > 1.25uM were toxic. Because the brain-reactive IgG
still could be detected in the sera of PND 70 A.SW mice treated
with HgCl,, these autoantibodies must have been produced by
the offspring themselves. IgG in dam serum can pass through
the placenta (Kim ef al., 2009), and the intact blood-brain
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barrier (BBB) is not fully developed until 2 weeks after birth
(Ribatti et al., 2006). Therefore, it is reasonable to propose that
the brain-reactive IgG in the sera from A.SW dams treated with
HgCl, could bind to the fetal brain antigens during the
gestation period and could initiate autoimmunity in the
offspring.

Hg-induced autoimmunity has been suggested to be due to
T cell-dependent polyclonal B-cell production of autoanti-
bodies, in which T-cell helper activity is critical (Pelletier et al.,
1987; Stuber and Strober, 1996). We investigated activation of
CD4™" T cells and their T-cell receptor (TCR) usage involved in
the response to Hg be assessing Vg expression of CD41tCD25+
splenic cells. The absence of a significant increase in the total
number of CD25" CD4™" T cells in the HgCl,-treated A.SW
mice may be due to inclusion of activated T cells and Treg cells
in this general subpopulation. We can only suggest that the
increased number of Vp 8.37 CD25" CD4™ T cells represent
activated CD4" T cells responding to autoantigen or Hg-
modified self-antigens. However, it is interesting that HgCl,,
but not MeHg, treatment of the A.SW mice caused an increase
in Vg 8.3 expression. Fillion et al. (1997) reported that there
was no change in Vg expression in Brown-Norway (BN) rats
treated with HgCl,. Although that finding appears to conflict
with our results, the two sets of experiments differ. Those
researchers measured the Vg repertoire on rat CD4" cells from
lymph node and that population included all of the CD4™"
T cells. In contrast, we screened the Vg expression on activated
(CD25") murine splenic CD4" T cells. Jiang and Moller
(1996) reported that in vitro treatment of splenic CD4" T cells
from BALB/c mice with HgCl, increased TCR Vg 6, 8.2, 8.3,
10, and 14 expressions, and depletion of Vg 8 profoundly
inhibited the HgCl,-induced response. Antigens from blood
could be captured, processed, and presented in spleen. Thus,
for Hg-induced autoimmunity responses to brain antigens, we
propose that after the brain antigens were modified by Hg*",
they were released into the circulation, allowing transport into
the spleen. There, they were processed and presented by APCs
to T cells with Vg 8.3 chains, for Vg 8.3 T-cell expansion.

TABLE 2
Hg Treatment Eliminated the Preexisting Significant Gender Differences in IL-13, IL-12(p70), and IL-10 Expression between PND 21
A.SW Males and Females

H,O MeHg HgCl,
Cytokine Region” Male Female Male Female Male Female
IL-13 SN 19.4 + 4.1° 23+21 12.9 + 14.1 1.1 +19 5.0+387 14+25
HT 44 18" 03 +0.2 0.7 £0.7 0.1 £0.1 0712 0
IL-12(p70) HT 3.4 +04° 0.1 £0.2 04 +04 0 1.7+ 1.1 0
IL-10 CB 0’ 08 %0 0 04+04 0 0.1 £0.1

“Only brain regions with a preexisting difference in the expression of a cytokine between males and females are shown.
“The values represent the mean + SD of picograms of cytokine per milligram of brain protein for male and female pups from three separate litters (n = 3).
Significant differences between vehicle control (H,O) males and females existed only for IL-13, IL-12, and IL-10, and Hg exposure eliminated these differences.
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FIG. 7. Exploratory behavior of PND 70 mice was assayed after different
Hg exposures. Each bar represents behavioral assessment of five to eight mice
from separate litters. The behavior was assayed in 15-min cycles for a total
testing period of 45 min. Multiple behavioral parameters can be obtained with
this assay but only those activities (HACTV, horizontal activities; MOVNO,
number of movements; MOVTIME, time of movements [seconds]; and
TOTDIST, total distance [centimeters]) that displayed a significant change are
shown. Behavior changes of PND 70 A.SW and A/WySnJ offspring were
tested; * indicates a significant difference of each cycle or the total 45 min
compared with the counterpart HO group; # indicate a significant difference
between males and females within the HO group.

In the HgCl,-treated PND 21 A.SW mice, IgG deposition
was observed in all of the assayed brain sections. Meanwhile
the serum IgG level was also enhanced in HgCl,-treated A.SW
mice. Here, we cannot conclude that the IgG deposition in
brain sections was caused by brain-reactive IgG, enhanced
serum IgG, or both. However, HgCl,-treated F1 offspring
(H-2%), which had enhanced serum IgG but not brain-reactive
IgG, also had IgG deposition in their brains but no behavior
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changes (our unpublished data), suggesting enhanced serum
IgG could increase brain IgG deposition, and the behavior
changes probably were more linked to the brain-reactive IgG.

Fibrillarin, a small nucleolar protein with a molecular mass
of about 34 kD, is the major renal antigen that is reactive with
Hg”*-induced autoantibodies (Hultman and Enestrom, 1992;
Pollard et al., 1997). In our experiment, two antigen bands with
molecular masses of about 30 and 34 kD were found by
immunoprecipitation of PND 21 brain nuclear proteins that
were slightly bound to DNA, with sera from HgCl,-treated
dams. Immunohistochemical results indicate that these brain
antigens were nuclear proteins and that the autoantibodies also
reacted with kidney and liver homogenates. Autoantibodies to
nucleolar proteins of 60—70 kD and 10-15 kD also have been
reported in HgCl,-treated mice (Hultman ez al., 1992). The 34-
kD brain antigen that we observed in HgCl,-treated A.SW
mice is probably fibrillarin; further experiments need to be
performed to identify the other band (30 kD). Although we still
do not know which organ was the original source of these
antigens that induced the autoantibodies or whether multiple
organs were involved, we suggest that based on Hg detection in
the brain and that neurons are sensitive to Hg (Bjorkman et al.,
2007; Monnet-Tschudi et al., 1996; Stern et al., 2001), these
nuclear brain antigens partially contributed to the production of
the brain-reactive IgG.

Although the MeHg-treated A.SW mice had no detectable
IgG to brain antigens and did not show elevated IgG levels in
their brains, several previous studies have reported that MeHg
can directly activate microglial cells from sensitive strains of
mice and rats (Eskes ez al., 2002; Garg and Chang, 2006). We
evaluated whether brain inflammation was induced by MeHg
or HgCl, in A.SW mice. Hg exposure enhanced the expression
only of GM-CSF, MCP-1, and IL-1B. GM-CSF, a hematopoi-
etic growth factor produced by a variety of cells, is involved in
inflammatory cell recruitment and modulation (Shi ef al.,
2006). MCP-1, a chemoattractant for monocytes derived from
many cell types, including monocytes and epithelial cells, can
activate endothelial cells directly and can increase the activity
of cytotoxic T cells and natural killer cells (Taub et al., 1996;
Werle er al., 2002). Only IL-1 expression was enhanced in
A.SW males, whereas GM-CSF, MCP-1, and IL-1p increased
in females. Females generally are more prone to the de-
velopment of autoimmune diseases than males. For the MeHg-
treated A.SW females, we suggest that the inflammation in the
CB was the result of direct interaction between MeHg and
microglia, neurons, and/or astrocytes. The BBB is known to
differ between males and females (Oztas, 1998), but we do not
believe that BBB differences are involved here because males
and females had identical IgG deposition in the brain. The
causes of the different inflammation patterns induced between
A.SW males and females, treated with MeHg or HgCl,, are
unclear. Hormones have been demonstrated to play an
important role in immune modulation, but the mechanisms
responsible for greater incidence of autoimmune diseases in
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females than in males remain unclear. Recently, it was reported
that estrogen can directly activate activation-induced deami-
nase (AID) transcription and function in B cells and in breast
and ovarian tissue (Pauklin er al., 2009); that finding sheds
a new light on the function(s) of estrogen in autoimmune
diseases. However, in our experiments, because brain-reactive
IgG was induced in both male and female HgCl,-treated A.SW
mice, we do not think that the AID activation mechanism is
responsible for the gender differences.

IgG deposition occurred throughout the brain after HgCl,
exposure, but inflammation was restricted to the FCTX or CB.
We currently have no explanation for why cytokine expression
was enhanced only in the FCTX for males and in the CB for
females when IgG was deposited in all brain regions. Perhaps,
if the brain antigens are mainly nuclear proteins, the brain-
reactive IgG can only bind to the brain antigens of Hg-
damaged brain cells. In the CB, Purkinje cells, stellate cells,
basket cells, and Golgi cells are inhibitory neurons, whereas the
granule cells are excitatory neurons, which modify the
activation of those inhibitory neurons (Voogd and Glickstein,
1998). Hua et al. (1995) reported that Hg vapor exposure of
BN rats induced loss of Purkinje cells in the CB. Leyshon and
Morgan (1991) reported that MeHg exposure on rats
selectively damaged the CB, with particularly granule cells.
Accordingly, we suggest that, in our MeHg-treated PND 21
A.SW females, MeHg activated microglia and damaged
granule cells directly. The necrotic granule cells then further
activated the microglia, inducing inflammation in the CB and
that in turn exacerbated damage to yet more granule cells and
inhibitory neurons. In HgCl,-treated PND 21 A.SW female
mice, Hg>" taken up by Purkinje cells might modify their
nuclear brain antigens resulting in Purkinje cell necrosis, which
triggers brain-reactive IgG and subsequent CB inflammation
and damage to other neurons.

Our behavioral analysis of treatment of mice with both
MeHg and HgCl, modified habituation, but only in female
A.SW mice, which was consistent with the increased
expression of inflammatory cytokines in their CB. The
significant difference of habituation behavior between males
and females in the H,O group was eliminated by the Hg
exposure, which was similar to the changes of several
cytokines (IL-13 in the SN and HT, IL-12(p70) in the HT,
and IL-10 in the CB). However, the trend for IL-13 and IL-
12(p70), which was decreased by Hg exposure, was not in
concordance with the activation enhancement of behaviors in
Hg-exposed female A.SW mice, suggesting the difference of
these cytokines might help explain the sex difference of
habituation in normal mice, whereas after Hg exposure the
inflammation cytokines especially MCP-1 in the CB may
dominate. The mechanism remains to be elucidated.

In conclusion, we have shown that developmental exposure
to HgCl, induces inflammation in the CB and increases
exploratory behaviors in female A.SW mice, as a function of
production of brain-reactive IgG. In contrast, exposure to
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MeHg produced effects that were independent of autoantibody
production. For Hg-treated male A.SW mice, IgG deposition
was seen in all of the assayed brain regions and inflammation
was found in the HT in HgCl, group, yet no change in
exploratory behaviors was detected. Moreover, Hg caused the
exploratory behaviors of A.SW females to become more like
those of males.
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